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The freezing point depressions were measured with a Beckmann thermometer (the accuracy is 
0.01 °C). The decrease in freezing point caused by the species X (e. g., Na+, Cl–, etc.) is propor-
tional to its molality (Blagden’s law):  
 X,X, bKT bff   (1) 
Where ΔTf,X (°C) is the freezing point depression, Kf,b (1.86 °C∙kg∙mol–1) is the molal cryoscopic 
constant of water and bX (mol∙kg–1) is the molal concentration of species X.  
The mixture of water, ice and NaCl was used as coolant and in each case, the depression was 
recorded when the solid sample reached the pulpy state providing good heat transfer. The solutions 
contained [NaGul]T = 0.15 M, [CaCl2]T = 0.10 M and/or [NaOH]T = 0.10–0.25 M. For calcula-
tions, the freezing point of the pure deionized water was used as reference. 
During these measurements, molar concentrations were used instead of molal ones. Conse-
quently, eq. (1) can be written as: 
 T,X, X][cff KT   (2) 
where [X]T (mol∙dm–3) is the molar concentration of species X and Kf,c is the molar cryoscopic 
coefficient taken as (1.86 °C∙dm3∙mol–1). In order to see whether molality can be replaced by mo-
larity, freezing point depressions in samples containing only NaGul, CaCl2 or NaOH were meas-
ured. The respective data can be seen in Table S1. 
Assuming complete dissociation for all solutes, the theoretical freezing point depression will be 
proportional to the sum of analytical concentrations of species X: 
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where X can be Na+, Ca2+, Gul–, OH– and Cl–. It is seen that in the three NaOH-containing solutions 
as well as in the NaGul- and CaCl2-containing samples the theoretical depression (calculated by 
eq. 3) could be reproduced within 0.01 °C accuracy. Consequently, the molarity scale can be used 
at the studied concentration range. Additionally, the experimental uncertainty was taken as 0.03 °C.  
 
Table S1 Freezing point depression measurements in solutions containing gulonate (Gul–), CaCl2 and 
NaOH; the ionic strength was not adjusted. ΔTf,theo (°C) is the theoretical freezing point depression when 
complete dissociation is assumed for all solutes, ΔTf,theo (°C) is the measured depression while ΔΔTf (°C) is 
their absolute difference. 
[NaOH]T 
/ M 
[NaGul]T 
/ M 
[CaCl2]T 
/ M 
ΔTf,theo 
/ °C 
ΔTf,meas 
/ °C 
ΔΔTf 
/ °C 
0.10 0 0 0.37 0.38 0.01 
0.15 0 0 0.56 0.57 0.01 
0.25 0 0 0.93 0.94 0.01 
0 0.15 0 0.56 0.55 0.01 
0 0 0.10 0.56 0.56 0.00 
0 0.15 0.10 1.12 0.94 0.18 
0.10 0.15 0.10 1.49 1.02 0.47 
0.15 0.15 0.10 1.67 1.11 0.56 
0.25 0.15 0.10 2.05 1.44 0.61 
 
 
When NaGul and CaCl2 are present at the same time, the measured depression (0.94 °C) is 
0.18 °C lower than the theoretical one. This refers to the decrease of the total concentrations (ac-
cording to eq. 3), since this difference is significantly higher than the 0.03 °C. Thus, association (i. 
e., complex formation) takes place instead of complete dissociation indicating the presence of the 
1:1 and 1:2 complexes.  
The absolute difference between the theoretical and measured freezing point depressions (ΔΔTf 
(°C)) is much higher when NaOH is added to the solutions suggesting the formation of more stable 
complexes, which are most probably the Ca3Gul2H–3
+ and the Ca3Gul2H–4
0 ones. (Such large dif-
ferences cannot be attributed solely to the difference between molality and molarity.) In conclusion, 
these freezing point depression measurements attested qualitatively the complex formation. 
  
 Table S2 Calculated chemical shifts of protonated and deprotonated L-gulonates (HGul and GulH–12–, re-
spectively) and their relative difference to the shifts of Gul–. Experimental conditions:  
T = (25 ± 1) °C, I = 1 M (NaCl). Values for HGul were reported in ref. 1. 
Nucleus 
δ(HGul) 
/ ppm 
δ(HGul) – δ(Gul–) 
/ ppm 
δ(GulH–12–) 
/ ppm 
δ(GulH–12–) – δ(Gul–) 
/ ppm 
C1 175.55 –2.80 180.26 1.92 
C2 71.00 –2.17 76.00 2.83 
C3 72.12 0.06 72.56 0.50 
C4 69.68 –0.40 71.20 1.13 
C5 71.83 –0.46 73.34 1.05 
C6 62.31 0.02 62.60 0.31 
 
 
Figure S1 Optical rotation of gulonate (Gul–) as a function of total concentration of NaOH ([NaOH]T). 
Experimental conditions: T = (23 ± 2) °C and I = 1 M (NaCl). Analytical concentrations:  
[NaGul]T = 0.202 M, [NaOH]T = 0–0.996 M. 
 
 Figure S2 Temperature dependent 1H NMR spectra of gulonate (Gul–). Experimental conditions: T =  5–
45 °C; the ionic strength was not adjusted. Analytical concentrations: [NaGul]T = 0.20 M, [CaCl2]T 
= 0.10 M, [NaOH]T = 1.0 M. 
 
 
Figure S3 Distribution diagram (with respect of total concentration of sodium gulonate, NaGul) as a func-
tion of total concentration of CaCl2 ([CaCl2]T). Experimental conditions: T = 25 °C and I = 1 M (NaCl). 
Analytical concentrations: [NaGul]T = 0.20 M, [CaCl2]T = 0–0.15 M, [NaOH]T = 0.50 M.  
 
 
Figure S4 CaCl2-dependent 1H NMR spectra of heptagluconate (Hpgl–). Experimental conditions: 
T = (25 ± 1) °C; the ionic strength was not adjusted. Analytical concentrations: [NaHpgl]T = 0.20 M, 
[CaCl2]T = 0–0.15 M, [NaOH]T = 0.50 M. 
 
 
Figure S5 NaOH-dependent 1H NMR spectra in the presence of heptagluconate (Hpgl–). Experimental 
conditions: T = (25 ± 1) °C; the ionic strength was not adjusted. Analytical concentrations:  
[NaHpgl]T = 0.10 M, [NaOH]T = 0–2.0 M. 
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